Abstract Phospholipids, including phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylserine (PS) and phosphoinositides, have emerged as an important class of cellular messenger molecules in various cellular and physiological processes, of which PA attracts much attention of researchers. In addition to its effect on stimulating vesicle trafficking, many studies have demonstrated that PA plays a crucial role in various signaling pathways by binding target proteins and regulating their activity and subcellular localization. Here, we summarize the functional mechanisms and target proteins underlying PA-mediated regulation of cellular signaling, development, hormonal responses, and stress responses in plants.
INTRODUCTION
Phospholipids play crucial roles regulating development and signal transduction in mammals and higher plants. In particular, phosphatidic acid (PA), a minor membrane phospholipid, has attracted widespread attention. PA exhibits dynamic homeostasis in plants during growth and development and under stress conditions (Testerink and Munnik 2005; Li et al. 2006; Wang et al. 2006; Wang et al. 2016) , and accumulates rapidly under various environmental signals (Testerink and Munnik 2005; Li et al. 2009; Galvan-Ampudia and Testerink 2011) .
Phospholipase D (PLD) hydrolyzes primarily structural lipids such as phosphatidylcholine (PC) and phosphatidylethanolamine (PE), resulting in the formation of PA and the remaining head group (Pappan et al. 1998 ). In addition, PA can also be produced by diacylglycerol kinase (DGK) through phosphorylating diacylglycerol (DAG), which is produced by phospholipase C (PLC) via hydrolysis of phosphatidylinositol lipids (PPIs) (Arisz et al. 2009 ). The Arabidopsis thaliana genome encodes 12 PLD and seven DGK isoforms (with similar numbers present in rice), pointing to complexity in PA production and composition.
Various studies have revealed the importance of PLDs and their derived PA in developmental processes, as well as hormonal and stress responses (reviewed in Testerink and Munnik 2005; Wang et al. 2006; Xue et al. 2009 ). In general, PA affects the properties of membranes through its unique chemical properties. PA can also serve as a precursor for other signaling molecules and, more importantly, can regulate the activity and intracellular distribution of a series of proteins through binding, thus participating in various signaling pathways and modulating plant growth.
The ability of PA to regulate the characteristics of target proteins through binding greatly expands the functions of PA and its targets, and hence, the complexity of the associated signaling pathways. Identification of the molecular targets of PLD-derived PA in the ABA response including PDK1, SnRK2 Ser/Thr protein kinase and PP2A regulatory subunit RCN1, greatly helped to understand how PA functions as a signaling messenger (reviewed in Wang 2005) . Subsequently, more targets of PA were characterized being involved in the regulation of plant growth, development, and stress responses (reviewed in Liu et al. 2013; . Recent studies further expand our knowledge about how PA functions through direct binding its direct target proteins, particularly the relevant molecular mechanisms, which will be summarized here.
Phosphatidic acid-binding proteins have primarily been identified through biochemical analysis. PA can bind to many protein domains, including the PH domain of a-type PI4K (Stevenson et al. 1998) , the PPC domain (Plant PI4K Charged) of b-type PI4K (Lou et al. 2006) , and the PH domain of ADL6 (Lam et al. 2002) . Affinity chromatography and GC-MS analysis have also identified chaperone proteins as candidate PA-binding proteins, including Hsp9 and 14-3-3 proteins (Testerink et al. 2004 ). The functional PA-binding proteins identified to date are summarized in Table 1 .
CELLULAR METABOLISM AND SIGNALING
Phosphatidic acid directly regulates the activity of metabolic enzymes through binding. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH/GAPC) converts glyceraldehyde-3-phosphate to D-glycerate 1,3-bisphosphate during the glycolytic breakdown of glucose and is a central mediator in glucose metabolism. Binding with PA results in the induced proteolytic cleavage of GAPDH/GAPC, which is consistent with the notion that proteolytic degradation of GAPDH/GAPC partially mediates the PA effect on root growth (Kim et al. 2013 ). The PA-induced degradation of GAPDH/GAPC might modulate energy conservation and result in the arrest of root growth in responses to any osmotic stress (Munnik and Testerink 2008) . In addition, PA targets GAPDH/GAPC in response to salt in Arabidopsis roots .
Studies of the Arabidopsis tgd (trigalactosyldiacylglycerol) mutant have revealed that PA is a key intermediate for thylakoid lipid biosynthesis in the chloroplast (Xu et al. 2003; Benning 2008; Xu et al. 2008) . The TGD complex is thought to function as an ABC transporter that transfers PA across the inner envelope membrane, with TGD1, À2 and À3 serving as the permease, substrate binding and ATPase subunits of this complex, respectively (Xu et al. 2005; Lu et al. 2007 ). TGD2 transports ER-derived lipids across the chloroplast inner envelope membrane, and a 25-amino acid region near its C-terminal MCE (mycobacterial cell entry) domain is sufficient for PA binding (the basic amino acid Lys221 is critical for this binding, Chitale et al. 2001; Awai et al. 2006; Lu and Benning 2009) .
Unlike TGD2, TGD4 binds to PA via its N-terminus and resides in the outer chloroplast envelope, and is directly involved in both the transfer of the polar lipid PA from the ER to the outer chloroplast envelope membrane and the transfer of PA across the outer envelope membrane . Indeed, the PA binding site (amino acids 1-80 or 110-145) of TGD4 is required for lipid import into chloroplasts .
Phosphoenolpyruvate carboxylase (PEPC) plays a crucial role in photosynthesis. PA can directly bind to Arabidopsis and tomato C 3 PEPC isoforms from suspension cells (Testerink et al. 2004) , and those from C 4 plants are also bound by PA (Monreal et al. 2010) , suggesting that PA may regulate photosynthesis in both C 3 and C 4 plants by affecting PEPC activity through binding (Monreal et al. 2010) .
Chloroplast membranes are highly enriched in the galactoglycerolipids monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG). The synthesis of all galactolipids occurs at the chloroplast envelope, which partially depends on the phospholipid biosynthesis from non-plastidial membranes. MGDG biosynthesis, which is essential for chloroplast development, is regulated by PA, and PA directly binds to and activates the MGDG synthase, MGD1 (Dubots et al. 2010) .
PTEN (phosphatase and tensin homolog deleted on chromosome ten) proteins can dually dephosphorylate protein and phosphoinositide. Arabidopsis PTEN2 displays low tyrosine phosphatase activity and actively dephosphorylates the 3 0 phosphate groups of PI3P (phosphatidylinositol 3-phosphate), PI(3,4)P 2 (phosphatidylinositol 3,4-bisphosphate) and PI(3,5)P 2 (phosphatidylinositol 3,5-bisphosphate) in vitro. AtPTEN2a binds strongly with PA under salt and osmotic stress conditions, but the effects of this binding to PA remain unclear (Pribat et al. 2012) . Phosphoethanolamine N-methyltransferase (PEAMT) catalyzes the conversion of phosphoethanolamine (PE) to phosphocholine (PC), a rate-limiting step in the de novo synthesis of PC. The enzymatic activity of wheat PEAMT isoforms 1 and 2 is directly repressed by PA in vitro (Jost et al. 2009 ), pointing to the complex regulatory circuits of phospholipid biosynthesis in plants (Jost et al. 2009 ). In addition, a lipid-binding assay showed that PA binds to the Arf GAP (ADP ribosylation factor GTPaseactivating proteins) homolog AGD7 (Huang et al. 2006; Min et al. 2007 ).
CYTOSKELETON AND ACTIN
Plant PLDs can interact with proteins/structures including actin filaments (Kusner et al. 2003) , the microtubule cytoskeleton (Gardiner et al. 2001; Dhonukshe et al. 2003; Peters et al. 2007 ) and aspartic proteinase cardosin A (Simoes et al. 2005) , to affect the organization of the cytoskeleton, and PA is an important regulator of microtubule and actin organization/reorganization.
Microtubule reorganization is crucial for the adaptation of plants to saline conditions (Wang et al. 2007 ).
The plda1 mutant exhibited severe microtubule disorganization under salt stress and this was irreversible. Increased sensitivity to salt is dependent on microtubule-associated proteins 65-1 (MAP65-1). PA binds MAP65-1 to promote its interaction with microtubules and hence the polymerization of cortical microtubules (Zhang et al. 2012 ; Figure 1A ).
In addition to microtubules, PA levels are important for actin cytoskeleton dynamics through their role in regulating actin-capping proteins (CPs) (Huang et al. 2006 ; Figure 1A ). CPs bind to F-actin, thereby inhibiting actin filament polymerization or depolymerization. CPs bind to PA with modest affinity, and the CP-PA interaction inhibits the ability of the CP to bind to the barbed ends of filaments, thus blocking filament-filament annealing reactions and preventing actin filaments from annealing and elongating (Huang et al. 2006) . The binding of a CP with PA reduces its activity, which promotes the reorganization of actin and cytoskeleton dynamics required for the adaptation of plants to various conditions.
Recent studies showed that clathrin heavy chain and its assembly units bind to PA and are recruited to the cell membrane in Arabidopsis roots in response to salt stress , revealing the molecular mechanism of salt-induced PIN2 internalization that Abbreviations: ABI1, ABA insensitive 1; AGD7, Arf gap domain 7; CDeT11-24, late embryogenesis abundant D-11; CP, heterodimeric actin capping protein; CTR1, constitutive triple response 1; GAPC, glyceraldehyde-3-phosphate dehydrogenase C; MAP 65-1, microtubule-associated proteins 65-1; MGD1, monogalactosyl diacylglycerol synthase 1; MPK6, MAP kinase 6; MS1, male sterility 1; PDK1, phosphoinositide-dependent kinase 1; PEPC, phosphoenolpyruvate carboxylase; PID, PINOID; PLDrp1, PLD-regulated protein1; PTEN, phosphatase and TENs in homolog deleted on chromosome 3; RCN1, roots curl in NPA 1; RbohD/F, respiratory burst oxidase homolog D/F; RGS1, regulator of G-protein signaling; SnRK2.10, sucrose non-fermenting 1-related protein Kinase 2.10/2.4; SPHK1, SPHingosine kinase1; TaPEAMT1/2, phosphoethanolamine N-methyltransferase; TGD2/4, trigalactosyldiacylglycerol 2/4; WER, WEREWOLF.
Figure 1. Functions of plant phosphatidic acid (PA) through binding with various target proteins
(A) PA functions in cell signaling, hormone responses and responses to biotic/abiotic stress. PA regulates auxin polar transport through directly binding to and mediating the activity of upstream proteins PDK1, PINOID and PP2A (RCN1), which simultaneously regulates BZR1. The PA-PDK1-PID signaling cascade activates another PA-bound protein, MPK6, which phosphorylates SOS1, thereby regulating the salt stress response. PA-PDK1 also couples with the OXI1-MPK3/6 cascade to regulate responses to fungal infection. PA directly binds to and stimulates the activity of both SPHK1/2 and RbohD/F to regulate ABA responses. PA binds to CTR1 and blocks its interaction with ethylene receptor ETR1 to regulate the ethylene response. PA promotes actin polymerization by binding to and inhibiting the activity of CP. PA directly binds to MAP65-1 to promote the polymerization of cortical microtubules. PA binds to SnRK2 and KAT1 to regulate the salt response, to CDeT11-24 to regulate the water stress response and to PLDrp1 to regulate the desiccation stress response. (B) PA functions in intercellular processes. PA directly binds to WER to regulate its nuclear localization and thus root hair development. PA binds to MS1, which is transported from controls the directional bending of roots under salt stress (Galvan-Ampudia et al. 2013 ).
DEVELOPMENT
Phosphatidic acid specifically binds to the R2R3 MYB transcription factor WEREWOLF (WER), a master transcriptional regulator that functions in non-hair cells, leading to non-hair cell fate in roots (Ishida et al. 2007 ). The PA-interacting region is confined to the end of the R2 subdomain, and four amino acids, K51, R52, R58 and R60, are necessary for PA binding. The ablation of the PA binding motif had no effect on the binding of WER to DNA, but it abolished its nuclear localization and function in regulating epidermal cell fate. The inhibition of PA production by PLDz also abolished the nuclear localization of WER, as well as root hair formation and elongation, demonstrating that the interaction of WER with PA is necessary for its function in regulating root hair formation (Yao et al. 2013 ; Figure 1B) . Notably, the role of PA binding in promoting/inhibiting the nuclear localization of proteins varies among species. In Saccharomyces cerevisiae, the binding of PA to the transcriptional repressor OVERPRODUCER OF INOSI-TOL PROTEIN1 (Opi1p) inhibits its localization to the nucleus to regulate phospholipid metabolism (Loewen et al. 2004) . Phosphatidic acid binds to Poaceae-specific Male Sterility1 (MS1) and is essential for microgametogenesis (Wang et al. 2017 ). MS1 has a lipid transfer protein (LTP) domain and is localized to plastid and mitochondrial membranes. MS1 might transfer PA and PI (phsophatidylinositol) from the ER to plastids and mitochondria, and the proper localization of PA and PI is critical for microgametogenesis in wheat (Wang et al. 2017 ; Figure 1B) .
In Arabidopsis floral reproductive organs, PA is a major phospholipid class (Yunus et al. 2015) . A lipidomics study showed that the ap3-3 mutant (floral homeotic mutants enriched in specific floral organs, with more pistils than wild type) has increased levels of PA species (Yunus et al. 2015) . Gene expression analysis of seven DGK and 11 PA phosphatase genes revealed the distinct expression patterns in different floral organs, suggesting that active phosphorylation/dephosphorylation occurs between PA and DAG in flowers (Yunus et al. 2015) . Flowers of the phosphatidic acid phosphatase mutant, pah1 pah2, show developmental defects, suggesting that PA plays a role in flower development (Nakamura et al. 2014 ). In addition, PA levels are low during imbibition and high during seedling growth (Wang et al. 2016) ; however, the functions and regulatory mechanisms of PA targets during flower development and imbibition require further investigation.
BRASSINOSTEROIDS, AUXIN AND ETHYLENE SIGNALING
Phospholipase D-derived PAs are involved in regulating various phytohormone signaling pathways, including abscisic acid (ABA), gibberellic acid, ethylene, brassinosteroid (BR) and cytokinin signaling. PA binds to the A subunit of PP2A (protein phosphatase 2A), known as RCN1 (roots curl in NPA 1) (Testerink et al. 2004) , which is involved in regulating polar auxin transport and auxin signaling. PP2A dephosphorylates the membranelocalized auxin efflux carrier PIN1, which is important for the polar distribution of PIN1 in plant cells and for normal root development (Gao et al. 2013 ; Figure 1A ). Recruitment of RCN1 to the membrane by PA results in the increased activity and altered effects of PP2A on membrane proteins. These findings demonstrate that PLD-derived PA plays a role in normal PP2A-mediated PIN dephosphorylation.
BZR1 is the key transcription factor that functions in BR signaling. PA also regulates BZR1 activity and BR responses through a PP2A-dependent pathway the ER to mitochondria and regulates microgametogenesis. PA also binds to TGD2/4, which is transported from the ER to the chloroplast, where PA binds to MGD1 to regulate MGDG biosynthesis. (C) PA regulates ABA signaling through binding with target proteins. Arabidopsis PLDa1 and its derived PA mediate ABA-stimulated stomatal opening/closure through interacting with PP2C (ABI1) and Ga subunit of G protein. RGS1 interacts with PLDa1 and binds PA to synergistically regulate the activity of the Ga subunit of the G protein GPA1, creating a finely controlled signaling network for ABA. PA binds with RbohD/F, SPHF1/2 and Dehydrin to regulate ABA signaling and responses as well.
3 (Wu et al. 2014) . PP2A dephosphorylates BZR1 to stimulate BR signaling. Increased PA levels result in the accumulation of PP2A at the membrane through binding with RCN1, hence reducing cytoplasmic PP2A activity, which in turn leads to reduced BZR1 activity and BR signaling (Wu et al. 2014) .
Raf-1 is a well-known target of PA in animal cells whose activity depends on its recruitment to the membrane through binding to PA (Rizzo et al. 1999; Rizzo et al. 2000; Johnson et al. 2005) . A small region of basic amino acids in the kinase domain of Raf-1 is essential for its specific binding to PA (Ghosh et al. 1996; Ghosh et al. 2003) . The plant Raf-1 homolog CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) binds to PA in a similar manner. The binding of CTR1 with PA results in the inhibition of its kinase activity and disrupts the intra-and intermolecular interactions of CTR1, thereby promoting the ethylene response. Interestingly, the PA binding regions of CTR1 and Raf-1 differ. Mutation of the conserved basic amino acids motif in the kinase domain of CTR1 does not inhibit its binding to PA, whereas the 89-amino acid C-terminal region, which lacks basic amino acids, is important for PA binding (Testerink et al. 2007 ).
Phosphatidic acid is involved in the effects and signaling pathways of other hormones as well. In barley (Hordeum vulgare) aleurone cells, PLD and PA mediate the ABA-induced inhibition of a-amylase production, which is promoted by gibberellic acid (Ritchie and Gilroy 1998) . In addition, treatment with 1-butanol (a specific inhibitor of PLD) partially blocked the cytokinin-induced ARR5-b-glucuronidase (GUS) expression, pointing to the involvement of PLD-PA in the cytokinin signaling pathway (Romanov et al. 2002) . PLD may also play a role in wound-induced jasmonic acid accumulation and jasmonic acid-regulated gene expression (Wang et al. 2000) . However, how PA regulates these pathways, especially its binding to distinct target proteins, requires further investigations.
ABA SIGNALING
Arabidopsis PLDa1 and its derived PA mediate the effects of ABA on the stomata through interacting with protein phosphatase 2C (PP2C) and a heterotrimeric GTP-binding protein (G protein) (Mishra et al. 2006 ). PLDa1-derived PA binds to ABI1 (ABA INSENSITIVE1) to promote ABA-stimulated stomatal closure, whereas PLDa1 and PA interact with the Ga subunit of heterotrimeric G protein (through the DRY motif) to regulate the ABA-induced inhibition of stomatal opening (Mishra et al. 2006 ; Figure 1C ). ABI1 activity is specifically inhibited by PA, and deletion and sitespecific mutational analyses showed that the 104 N-terminal amino acids in this protein are capable of binding to PA; the basic amino acid Arg73 is important for this interaction. ABA induces PA production, which enhances the association of ABI1 to the membrane through binding (Zhang et al. 2004) .
NADPH oxidase respiratory burst oxidase homolog D (RbohD) and RbohF, two additional downstream mediators of ABA signaling, can bind to PA, and this binding site (within the 140 to 160 amino acid residues from the N-terminus) is rich in basic amino acids (Zhang et al. 2009 ).
PLDa1 and its derived PA also regulate ABA signaling through modulating the levels of the active versus inactive forms of Ga proteins. PLDa1 interacts with RGS1 (regulator of G-protein signaling) and primarily acts as a GAP (GTPase-activity accelerating protein) for Ga protein GPA1. RGS1 likely inhibits the GAP activity of PLDa1 in regulating ABA-mediated responses (Zhao and Wang 2004; Choudhury and Pandey 2017a). RGS1 and PLDa1 regulate each other in a bidirectional manner. PA directly binds to RGS1 to inhibit its GAP activity (a conserved lysine residue in RGS1, Lys259, is directly involved in RGS1-PA binding; Choudhury and Pandey 2017b). Introducing this RGS1 protein variant into the rgs1 mutant background increased the sensitivity of the plants to ABA. Therefore, the binding of PA to RGS1 results in a negative feedback loop between these two regulatory proteins, PLDa1 and RGS1, which precisely modulates active Ga levels, consequently generating a finely controlled signal-response output (Choudhury and Pandey 2017b; Figure 1C ).
Phytosphingosine-1-phosphate (phyto-S1P), like PA, functions as a lipid messenger in mediating plant responses to ABA. Phyto-S1P is generated by sphingosine kinases (SPHKs) through phosphorylating phytosphingosine. PA directly binds to both SPHK1 and SPHK2 and stimulates their activity during the ABA response, which sets up the relationship of messenger molecules PA and phyto-S1P (Guo et al. 2011; Figure 1C ).
PA TARGETS PROTEINS INVOLVED IN ABIOTIC STRESS RESPONSES
The PA production in plants is stimulated by various stress factors, including cold, drought, wounding, salinity and pathogen infection (Testerink and Munnik 2005 ; Figure 1A ). The SnRK2s (sucrose non-fermenting 1-related protein kinase 2 proteins) are a family of osmotic stress-activated protein kinases (Kulik et al. 2011 ) and two Arabidopsis SnRK2s, SnRK2.4 and SnRK2.10, function as PA-binding proteins and associate with cellular membranes under salt stress (Testerink et al. 2004; McLoughlin et al. 2012; Julkowska et al. 2015) . Binding of class 1 SnRK2 kinases with PA does not alter their activity (Testerink et al. 2007 ), but might spatially mediate the protein-protein interactions, as PA also binds to the proteins that interact with or are regulated by these SnRK2 kinases (Koag et al. 2003; Koag et al. 2009; Eriksson et al. 2011) .
In addition to SnRK2, oxidized GAPDH binds to PLDd to induce the PA production (Guo et al. 2012) . PA recruits SnRK2.4 to the membrane, which is thought to be necessary for SnRK2-mediated salt responses, facilitating the interaction of them with their partners and allowing them to phosphorylate the target proteins . On the other hand, binding of PA could indirectly inactivate the activity of SnRK2 through compartmentalization within several minutes under salt stress in Arabidopsis (McLoughlin et al. 2012 ). The primary PA-binding domain (PABD) of SnRK2.4 was a 42-amino acid sequence and overexpressing PABD resulted in a severe reduction of root growth. However, the PABD is not sufficient for the re-localization of SnRK2.4, suggesting that additional domains are necessary for the re-localization of SnRK2.4 during salt stress (Julkowska et al. 2015) .
A proteomics study using Arabidopsis roots identified PA targets that function in response to salt stress, and the results indicated that the potassium channel b subunit KAB1 binds to PA to be recruited to the membrane under salt condition . The KAB1 tetramer interacts with the transmembrane a subunits of KAT1 channels (Tang et al. 1996) . PA-mediated recruitment could inactivate KAT1 by competing with this association, which remains to be investigated. Alternatively, PA recruitment of KAB1 to the membrane suggests that PA might function as a regulator of potassium homeostasis .
Arabidopsis PLD-regulated protein1 (PLDrp1), which is directly regulated by PLDa1, can specifically bind to PA via its conserved N-terminal region, whereas the repeatrich C-terminus of PLDrp1 suggests that it interacts with RNA. PLDrp1 expression depends on the presence of PLDa1 and the plant water status. The regulation of PLDrp1 by PLDa1 and various stresses sheds light on the complex PLD regulatory network and suggests that PLDrp1 is a new member of the PA-signaling chain in plants (Ufer et al. 2017) .
The late embryogenesis abundant (LEA)-like protein CDeT11-24 is an intrinsically disordered stress protein with a lysine-rich motif from Craterostigma plantagineum, a resurrection plant. Under desiccation, CDeT11-24 specifically interacts with PA via the lysine-rich sequence (Petersen et al. 2012 ). The predicted coiledcoil structures of CDeT11-24 (R€ ohrig et al. 2006 ) might enable its interactions with other proteins, such as Dehydrin that also binds to PA during ABA responses (Koag et al. 2003; Koag et al. 2009; Eriksson et al. 2011 ).
BIOTIC STRESS
In Arabidopsis, PA binds to PHOSPHOINOSITIDE-DEPENDENT KINASE1 (PDK1) to activate OXI1 (OXIDA-TIVE SIGNAL INDUCIBLE1)/AGC2-1 and downstream pathways (Anthony et al. 2004; Anthony et al. 2006) . PA also binds to the protein kinase PINOID (PID, a substrate of PDK1) in vitro (Zegzouti et al. 2006) . The PA-PDK1-PID signaling cascade can induce a respiratory burst, which is required for the activation of MITOGEN ACTIVATED PROTEIN KINASE6 (MPK6; Rentel et al. 2004) , another kinase that binds to PA. Binding with PA directly stimulates the phosphorylation of the plasma membrane Na þ /H þ antiporter SOS1 by MPK6, suggesting that PA plays crucial roles in coupling MAPK cascades under salt stress (Yu et al. 2010 ; Figure 1A ). In addition to coupling with PID-MPK6, PA-PDK1 also couples with the OXI1-MPK3/6 cascade to mediate Piriformospora indica-induced growth promotion in Arabidopsis (Camehl et al. 2011) . Indeed, the growth of mutants deficient in PLDa1 or PLDd is not promoted in response to fungal infection, confirming that PLD/ PA-PDK1-OXI1 cascade mediates the P. indica-stimulated growth response (Camehl et al. 2011) . Similarly, rice PDK1 interacts with and phosphorylates OsOXI1 and acts upstream of the OsOXI1-OsPti1a signaling cascade during the disease resistance response (Matsui et al. 2010 ).
SUMMARY AND CHALLENGES
Phosphatidic acid is a central phospholipid intermediate that forms in response to developmental cues or stress conditions. PA level is used as a specific sensor to monitor the extracellular environment. While numerous PA-binding proteins have been identified, much less is known about how the specificity of PAprotein binding is determined. The ionization properties of PA in the electrostatic-hydrogen bond switch and negative curvature stress drive the specific binding of PA with the corresponding target proteins (Putta et al. 2016) .
Besides acting as a docking site for the recruitment of proteins to the membrane, PA has been shown to induce post-translational modification, i.e. activation/inactivation or proteolytic cleavage of its target proteins through direct or indirect binding, which profoundly increases the complexity of the PA roles. Although PA is involved in many signaling pathways and physiological processes through binding with distinct proteins, no standard technique to identify PA-binding proteins is currently available. In addition, neither motif specificity nor structural similarity of PA-targeted proteins in plants, animals and microbes has been demonstrated (Stace and Ktistakis 2006; Raghu et al. 2009 ).
The specificity of PI-binding protein relies primarily on the recognition of various phosphorylated inositol head groups, and thus, their binding domains are usually relatively large, with a cage-like structure (Lemmon 2008). However, the mechanism of PA binding may be different due to the unique chemical properties and molecular structure of PA (Zimmerberg and Kozlov 2006) . Identifying the PA binding motif will help to reveal more targets and hence elucidate the complex PA signaling network.
Phosphatidic acid is mainly present at the membrane; however, the exact distribution pattern of whereas some are present in vesicles (Ohashi et al. 2003) , intracellular membranes (Fan et al. 1999) or the tonoplast (Yamaryo et al. 2008) . Stresses (such as wounding) cause PLDa1 to be translocated between the membrane and cytosol (Ryu and Wang 1996) , and phosphate deprivation alters the even distribution of PLDz2 in the tonoplast (Yamaryo et al. 2008) . Again, identifying the PA binding motif will facilitate the realtime monitoring of PA distribution through observing fluorescence, as has been done for PI3P, PI4P and PI(4,5)P 2 .
There are hundreds of PA molecular species, which may be localized to different organelles or whose altered localization in response to developmental or environmental cues may be involved in regulating specific processes. To identify distinct or minor PA molecular species and further characterize their functions, a high-throughput lipidomics analysis platform is needed. Based on advances in electrospray ionization tandem mass spectrometry, we recently identified a large set of phospholipid molecular species from Arabidopsis seedlings, including 13 newly identified PA species (Wang et al. 2016) . Different PA molecular species are indeed present at differing levels during different developmental stages.
Many lipid transfer proteins (LTPs) have been identified in animals and yeast, and their functions and subcellular localizations have been described. The Ups1-Mdm35 complex is responsible for PA binding and transfer from the outer membrane to the inner membrane for cardiolipin biosynthesis in yeast mitochondria (Connerth et al. 2012) . The structural basis of intramitochondrial PA transport mediated by the yeast Ups1-Mdm35 complex was recently revealed (Yu et al. 2015) . Phosphatidylinositol transfer proteins (PITPs), a large and conserved family in mammals and plants, transfer PA and other lipids to the membrane or various organelles and play crucial roles in growth and development. However, there are still few reports on the functions of plant PITPs. Further study will help elucidate the distribution, transport, and physiological roles of PA.
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